The time evolution of the current filaments in an optically triggered, high gain GaAs switch was studied by recording the infrared photoluminescence from the filaments. When the switch is triggered with two laser diode arrays (through a fiber optic) that are activated within 1 ns of each other, two current filaments are observed, each one emanating from the point of illumination. By delaying one laser with respect to the other, the evolution of the filament was recorded in a time resolved fashion. The first filament that is triggered crosses the switch, the voltage drops and the other filament ceases to grow. By varying the delay between the trigger lasers, the tip velocity is measured to be up to 5.9 1 x i09 cm/s. This speed is 600 times larger than the peak drift velocity of carriers in GaAs. This observation supports switching models that rely on carrier generation at the tip of the filament. The filaments speed up as they cross the switch: for one voltage range initial speeds were 0.7 1 x i09 cm/s and final speeds (the last 100 Ps of motion) exceed 5.5 1 x i09 cm/s. This experiment also shows a relationship between the rise time of the voltage across the switch and the required trigger energy and switch jitter.
INTRODUCTION
Our research has focused on optically triggered, high gain GaAs photoconductive semiconductor switches (PCSS) for high speed, high power, high voltage electronics and optoelectronics. The practical significance of this high gain switching mode is that the switches can be activated with very low energy optical triggers.' For example, we have shown that a 90 nJ optical pulse has triggered switches that have delivered 48 MW in a 30-50 system2, and 6 MW for 100 ns in a 0.25 system. 3 The GaAs switches used in this experiment are lateral switches: they have two contacts on one side of a wafer separated by an insulating region of intrinsic material. At electric fields below 4 kY/cm, the GaAs switches are activated by the creation of, at most, one electron hole pair per photon absorbed. This linear mode demands high laser power, and after the light is extinguished, the carrier density decays in 1-10 ns. At higher electric fields these switches behave very differently. The high field induces carrier multiplication so that the amount of light required is reduced by as much as five orders of magnitude."3 This high gain mode is characterized by fast current rise times (.-200 ps) and filamentary currents with densities of several MA/cm2 and diameters of 15-300 im (from the photographs of recombination radiation). In the "on" state there is a characteristic, constant field across the switch called the lock-on field. The switch current is circuit-limited provided the circuit maintains3the lockon field.3 As the field increases, the switch risetime decreases and the trigger energy is reduced. During high gain switching the switches emit bandgap radtion. When this radiation is imaged, filaments are observed, even if the triggering radiation is uniform.' Table I shows the results from this experiment and the best results that we have achieved (in other work) with the high gain GaAs switches when triggered with either compact laser diode arrays or with flashlamp-pumped lasers. The work of many others has been presented at various conferences.6 This paper will concentrate on the use of the experimental setup to study the high gain switching mechanism and the measurement of the filament velocity. A companion paper7 in this conference will concentrate on the use of this system to produce high power impulses. * Not all the results are simultaneous. # The 50,000 pulses were achieved at a voltage of 77 kV. Table I . Results of tests with high gain GaAs switches. The first column is this work only, the second column includes results of previous tests.
EXPERIMENTAL SETUP
The circuit that was used in these tests is shown in Figure 1 . It operated in bursts of up to 5 pulses at a repetition rate of 1 kHz. We charged a nominally 1 .0 ns long, 47 , parallel plate transmission line to voltages of 70 to 120 kV. This line is discharged with either one or two switches into a 30 load. We measured the voltage on the transmission line and the current through the load. A typical transmission line voltage waveform is shown in Figure 2 . The voltage on the line, shown at 100 ns/div., rose to a peak value with a charge time of 210 ns. At this point the laser activated the switch and the line voltage dropped. If only one switch was triggered, the resulting load voltage was a monopulse. If both switches were triggered simultaneously the load current was a monocycle (bipolar pulse). The switches were fabricated from undoped GaAs with Ni-Ge-Au-Ni-Au metallization. Their insulating region separating the two contacts was 1 .5 cm, the total contact width was 7.6 cm. Because of the high electric fields the switches were immersed in a dielectric liquid (Fluorinert®). To avoid corona and breakdown, the transmission line was in SF6 gas.
For most of the experiment two laser diode arrays were used to trigger the switches. Each consisted of three laser diodes coupled to a 400 j.tm fiber optic. Each array delivered 90 nJ in 4.2 ns at 876 and 857 nm to a spot near the negative high voltage (100 kV) side of the switch. For other tests, these same laser diode arrays were configured to produce a longer pulse (20 ns) with larger energy (1.8 jtJ) and power (90 W).
All the monitors were calibrated. The calibration of the low bandwidth voltage monitor was straightforward. The actual dynamic resistance of the load was measured to be 30 . The peak power is then 48 MW. Using the charge voltage of 100 kV and an estimate of the switch voltage drop of 9 to 6 kV, the peak power is 42 to 45 MW for the 30 load. 
TRIGGER ENERGY
In the first set of tests both laser diode arrays were used to activate one switch and obtain a monopulse. The width of the current pulse and its peak value depend on the time delay between when the two laser diodes are triggered. When both diodes are triggered to produce simultaneous current pulses, the current is largest and the current pulse width is smallest. The highest current was 1.26 kA with a rise time of 430 ps and a pulse width of 1. jitter. This is opposite to the switch rise time for linear photoconductivity where the drop in switch resistance is dependent only on the laser pulse and the carrier lifetime. Note that the dielectric relaxation time, PC, is 1 1 .6 j.ts. Thus, these effects are occurring at times that are much shorter than the relaxation time.
It may be possible that the effect that we observe is related to trap filling in the GaAs because trap filling affects the electric field distribution.
SWITCH LONGEVITY
Given that the high gain switches are capable of producing this type of current pulses, it is important to understand the mechanisms that damage the switches to be able to predict their longevity. The mechanisms that may result in damage to the PCSS are many. Initiation of the final breakdown appears to come from regions near the contacts which have been significantly damaged during previous pulses. To test for switch longevity we have performed extensive switch longevity tests.8'9 As part of these tests we tested the longevity of the switches at high current in this system. We switched 77 kV, obtaining 50,000 pulses with a peak current of 600 to 650 A. The laser operated at 1 Hz, and uniformly illuminated the switch, producing multiple filaments (at least 10). Figure 4 shows the recombination radiation from one of the 50,000 pulses. This picture is rather atypical in that we can actually see about 12 distinct filaments. Most of the other pulses show less structure resulting in a fairly smooth infrared image.
A companion paper in this conference9 discusses the results of testing the switches at voltages of up to 10 kV. Many different metallizations and switch geometries were tested to determine the wear mechanism and the best contact metallization. A pulsed power source charged a 50 1 coaxial cable to 1.7 or 3.3 kV in 100 ns to lj.ts. This was discharged by the switch (1 mm long by 5 mm wide) into a 50 L load producing a current pulse of 10.5 A (for 1.7 kV) or 23 A (for 3.3 kV) with a duration of 3.5 ns. The switches have lasted up to 4 million pulses under these conditions. This is in contrast to previous tests with a different circuit where similar switches lasted 50,000 pulses. The increase in longevity was accomplished, mainly, by improving the driving circuit: the new circuit eliminates bleed through of current after the line is discharged. Tests were also carried out with a pulse duration of 30 ns (at 1 .7 kV charge, 10.5A). These switches were not taken to failure but the switch wear after 100,000 pulses is small indicating that the switches will last for at least five times further. Although these tests were carried out at 100 Hz, another test showed no large increase in switch wear at a repetition rate of 400 Hz. . D Figure 5 . The infrared emission from the filaments (in black). Fig. a shows the emission when the laser on the left is turned on earlier than the laser on the right. Here the filament on the left closes the switch and when the light from the fiber on the right strikes the switch, the voltage is low and there is no filament formation. In Fig. b the delay between the pulses is 200 ps smaller than in a. In Fig. c the delay is 200 ps smaller than in b and the filament on the right is longer. Fig. d shows two filaments that are equally strong. The distance between the contacts is 1 .5 cm which is the length of the filaments.
FILAMENT SPEED
To measure the propgation velocity of the filaments we set up a system where two filaments could be triggered and imaged. Two laser diode arrays were used to trigger the switch. Each consisted of three laser diodes coupled to a 400 jim fiber optic whose output was a 4.2 ns pulse with 90 nJ of energy at 876 and 857 nm. Current filaments from over 1,000 pulses were recorded on video tapes. In all these pictures the bottom of the picture shows the cathode (high voltage) side of the switch. If one fiber is triggered much earlier than the other, only one filament is observed (Figure 5a ). In this case, the filament that is created first crosses the switch prior to the second laser pulse and thus the second laser pulse only shows as a dot. Figures Sb to 5d show that we are able to freeze a filament in transit if the delay between the lasers is varied. The first filament closes the switch and reduces the voltage so that the filament that is triggered later stops growing. We have also carried out this experiment using a mode locked laser to trigger both filaments, varying the delay between the triggers by adjusting the light's (532 nm) path length. In this latter case we have more control on the delay and we were able to investigate a wider range of delays and voltages.
Using the delays in the triggering of the lasers and the lengths of the filaments, it is possible to obtain their velocities. Using the laser diodes for triggers at 100 kV charge we measure 2.0 1.0 x i09 cm/s with an uncertainty that depends on our estimate of where the filament ends and the jitter in the system. This velocity is 4 times smaller than the speed of light in GaAs, about 100 times larger than the room temperature peak drift velocity of electrons in GaAs (2.2 x iø7 cm/s at 3.2 kY/cm), and 200 times larger than the high field saturation velocity (1O cm/s). The speed of the filaments is not necessarily constant as the filament crosses the insulating region. This measurement is the average speed between 200 -400 ps after the filament starts. The fact that the filament is moving faster than the free carriers in GaAs implies that carriers are being created at or ahead of the filament. We cannot determine if carriers are created by the enhanced field, or recombination radiation from the filament, or if both are required.
Using the mode locked laser we have investigated a voltage range from about 60 kV to 1 10 kV and we varied the delay in steps of 100 ps. With the increased accuracy we are able to determine that the filaments speed up as they cross the gap. For example, at about 105 kV, the first length we measure is 6.3 mm. Adding delays of 100 ps at a time, the length increases to 7.0 mm, 9.5 mm, and 15.0 mm. This results in speeds of 0.7 cmlns, 2.5 cmlns, and >5.5 cm/ns. While the uncertainty in the speed is large (± 1 cm/ns) this acceleration was observed for all the voltages studied. Figure 6 shows this last data although the filament that crosses the gap fully is not shown. The highest speed we measured was 5.9 cm/ns, for voltages of about 1 15 kV. Figure 7 shows this data. The delay between the trigger for the first filament (not shown) and that of the second (shown) was fixed at 400 ps. The length of the filament is, here, roughly independent of voltage.
The filament velocity is a function of the switched voltage. The final velocity (in the last 100 ps) is faster for higher voltages. This, and the observation of an acceleration as the filament crosses the gap, is what might be expected from most models where the velocity of propagation depends on a field that is the initial voltage divided by the distance from the tip of the filament to the other side. A puzzling result, inconsistent with such a model, is that the initial velocities were not voltage dependent. Figure 8 shows the filament size for a fixed delay (of 400 ps) as the voltage is increased. Note that the filaments are slightly smaller at higher voltages. This could be due to a delay in the filament formation or to a reduction in the initial velocity. Another observation is that the filaments which have partially crossed the switch are dim compared to those that have crossed. These pictures are open shutter pictures and the carrier lifetime is long compared to the filament crossing time or the current pulse duration. The data are consistent with an increase in the carrier density after a filament crosses the switch. Furthermore, we have varied the position of the laser beams. In one particular sequence of pictures the filaments were triggered in the middle of the insulating region and resulted in some filaments going both ways towards the contacts. This is shown in figures 9 and 10. Several theoretical models have been proposed to explain high gain switching in GaAs. A class of models, labeled "streamer" models require field enhancement for banI0 to band impact ionization. Carriers are created in the high field at the tip of the filament. In one case the initial enhanced field is assumed and filament propagation is demonstrated gi1ving speeds of 6.6 -1 1.4 x iO7 cm/s for enhanced fields of 371 -421 kV/cm. In the other streamer model , creation of a non-uniform distribution of carriers by the FranzKeldysh effect, field enhancement, and impact ionization lead to filament formation and propagation. This model calculates a filament velocity of 5.2 x 108 cm/s. This model predicts that the filament will orinate from the electrode which is not illuminated, in disagreement with our data. Further theoretical work has shown that the filament may originate in the contact that was illuminated provided that the optically created carriers create a significant field enhancement at that contt. A new model relies on optically-triggered impact ionization to explain filaments and their propagation. Field enhancements do not have a significant role in this model which predicts that filaments propagate as a shock wave with a velocity that can exceed the saturated carrier drift velocity. Finally, a transmission line model that takes into account the effects of avalanche and light induced photoconductivity has been developed.14 This model shows fast filament velocities and filament acceleration.
CONCLUSION
Pictures of the time evolution of current filaments during optically triggered, high gain switching in GaAs were presented. The tip velocity is measured to accelerate from 0.7 cm/ns when it starts to 5.5 cm/ns when it reaches its full length. This speed is much larger than the saturation drift velocity and is close to the speed of light (8 cmlns) in the GaAs. This result rules out models which assume that filament propagation proceeds at the saturated drift velocity of charged carriers. The experiment also suggests significant current growth after the filament has crossed the insulating region.
